The 'classical' view of sensory pathways "Visual perception can be… understood as the activity of exploring the environment in ways mediated by knowledge of the relevant sensorimotor contingencies." 1 The sensory pathways of the brain were largely defined during the second part of the 19th century by clinicians and anatomists. The basic evidence, from studies of clinical lesions and of normal and degenerating central pathways, showed somatosensory, visual and auditory pathways passing to the thalamus, and thence to the cerebral cortex. Each pathway involves a distinct region (nucleus) of the thalamus and passes to a specific cortical area. Modern textbooks present these wellestablished pathways as well as pathways, for gustatory or vestibular afferents, which were defined later. Other ascending afferents to the thalamus come from the cerebellum or the mamillary bodies, and each, again, relates to a particular thalamic nucleus and a specific cortical area. Essentially all of the messages that reach the cerebral cortex from peripheral receptors must first pass through the thalamus. Only olfactory inputs reach the cerebral cortex without first passing through the thalamus. Further central processing as defined by contemporary studies is thought to occur in a series of parallel and hierarchical corticocortical connections that eventually lead to memory or to motor outputs (Figure 1) . [2] [3] This anatomical view of thalamocortical relationships, schematically represented by the interrupted lines
in Figure 1 , dominates current views of sensory processing and has been greatly enriched by experimental studies that define how the activity of nerve cells in each sensory pathway relates to external events. For example, there is now a great deal of evidence for the visual pathways about the nature of neural responses to sensory stimuli that reach the visual cortex (area 17), 4 and how these are further 'processed' within the cortical areas concerned with visual functions. [5] [6] [7] [8] Similarly, auditory and somatosensory pathways are often viewed primarily in terms of their corticocortical connections. 9 Sensory processing, in this 'classical' view, involves activity in prethalamic nerve cells, which is passed to thalamic nerve cells and thence to the cerebral cortex. Some sensory processing occurs at prethalamic levels, but the thalamic relay itself appears to pass messages to cortex that hardly differ from those that the thalamus receives, and further sensory processing is then thought to occur primarily or entirely in the hierarchically interconnected areas of the cerebral cortex.
This sketch of the classical view of thalamocortical organization appears to demonstrate how events in the external world can generate neural activity that is processed through thalamic and cortical relays to produce a perceptual outcome, and the observations I have summarized are commonly presented in this way (interrupted lines in Figure 1 ). In this essay some of the problems that remain unresolved for this model will be raised, and the anatomical problems will form a main part of my argument. However, the anatomical problems do not stand in isolation. They relate closely to behavioral and philosophical problems about the nature of perceptual processing that have been raised in the past, which show the limitations of the classical view of sensory mechanisms.
Some of the Problems that Remain
Large parts of the thalamus are not accounted for in the classical view
More than half of the primate thalamus is made up of thalamic nuclei that are not adequately dealt with in the above account. These include large thalamic nuclei such as the pulvinar, the lateral posterior or lateral dorsal nuclei that send axons to parietal and temporal cortex, the mediodorsal nucleus and significant parts of the intralaminar complex that have axons going to frontal cortex. The contributions of these thalamic cell groups to cortical processing are largely ignored by most current accounts of cortical function, or are treated as providing modulatory inputs to the ongoing cortico-cortical circuitry. [10] [11] However, there is significant evidence that many of these cell groups can play a role in transmitting messages from one cortical area to another through the thalamus, [12] [13] and they have been called higher order relays (HO in Figure 1 ) for that reason. The way in which the functions of the direct corticocortical connections relate to those of the higher order cortico-thalamocortical connections (see e.g. 6, 14 ) are currently unknown and merit experimental study.
In so far as it is reasonable to consider that all parts of the neocortex have a common pattern of organization, [15] [16] [17] it is necessary to recognize that for the areas of cortex that have been most closely studied, that is for the primary sensory areas, the functional inputs that play a primary role in information processing within those cortical areas come from the thalamus. On this basis it is reasonable to believe, until evidence to the contrary is avail- Harting's study 18 For the major sensory pathways and for the mamillary pathway going to the anterodorsal nucleus, concerned with head direction, 20 we have good information about the nature of the sensory message reaching the thalamus, but we know little or nothing about the significance of the copy of the concurrent message on its way to the motor centers. That is we have no information about the action that the cortex is able to monitor through their thalamic inputs from these pathways. For the layer 5 inputs to thalamus, and for the majority of mamillothalamic and cerebellothalamic axons we know almost nothing about the nature of the messages traveling in either branch.
The implications for studies of cortical functions of these branching inputs to the thalamus are important, but far from simple. One important point is that the higher order thalamic relays can provide information through their thalamic relays to higher cortical areas about the ongoing motor instructions that are currently being issued by lower cortical areas. The hierarchies established by these connections have not been well defined. They merit detailed study so that they can be compared with the hierarchies formed by the direct corticocortical pathways 5-6 and seen in relation to developmental sequences. 21 Defining the questions that should be asked about how the information that is on its way to motor centers can be read in the activity of cortical neurons receiving the thalamocortical inputs will prove to be a key issue for understanding the neural mechanisms that underlie the close relationship between action and perception (see, Helmholtz stressed the importance of action when he wrote:
"If we ask whether there exists some common characteristic distinguishable by direct sensation through which each perception related to objects in space is characterized for us, then we actually find such a characteristic in the circumstance that bodily movement places us in different spatial positions relative to the perceived objects, and in doing so also changes the impressions which these objects make on us. The impulse to movement, however, which we give through the innervation of our motor nerves is something which can be perceived directly. We feel we are doing something when we give such an impulse. But what it is we are doing we do not know directly."
It is interesting to notice the tension between the conscious and the unconscious aspects of the relationship that Helmholtz is describing, and to understand this in relation to the fact that first order thalamic relays (FO in Figure   1 ) are monitoring spinal and brainstem effects on motor actions, which will not be 'known directly', whereas many of the higher order thalamic relays will be monitoring cortical effects on motor actions, which may well be 'known'.
Merleau-Ponti wrote: 23 "The object which presents itself to the gaze or the touch arouses a certain motor intention which aims not at the movements of one's own body, but at the thing itself from which they are, as it were, suspended."
This statement includes two key insights in just one sentence. One insight is the 'certain motor intention".
This need not produce a movement; it can lead to a movement, can fail to produce a movement because some other activity blocks it, or it can itself block a movement. The issue as to whether the "intention" is volitional or whether it simply implies activity directed towards the production of movement is left open. The second insight has the motor intention aimed not at the relevant parts of the body, at muscle groups or at groups of motor neurons, which would be the classical physiological approach to movement, but at the object that is being seen or felt, and from which the intended movements are "as it were, suspended". That is, the 'intention'
relates to the object of vision or touch in an essentially mysterious way, which Merleau-Ponti encapsulates by having the movement suspended, but not quite suspended, rather, "as it were" suspended, from the object. This mystery is clearly unsatisfactory, but it is important, and for the neuroscientist it needs to be explored further from the point of view of the neural processes that may be represented by the statement. At least some of this mystery can be resolved by the connections shown in axons could remove the distinction between sensory and motor pathways. 27 He wrote: 'The … character of perception includes signals that derive not from the senses but from the intention to move.'
To some extent the literature on 'embodiment' relates to the issues raised here, but it is important to notice that embodiment often includes the motor reaction to a sensory stimulus, that is, how one can respond to it, and this needs to be distinguished from the specific issue raised in this essay, the direct motor involvement that is an intrinsic part of the sensory experience itself.
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Conclusions
The major contribution that this essay adds to earlier accounts of action and perception relates specifically to the branched nature of axons that carry messages to the thalamus for transfer to cortex. This pattern of branching shows the thalamocortical pathways serving as monitors of motor outputs. Essentially everything that reaches the cerebral cortex is a record of a sensorimotor event,
an "enactment" between the organism and the environment. The cortex probably does not receive "pure" sensory inputs.
From an evolutionary point of view, the first thing a pathway from a sensory receptor needs in order to provide some selective advantage is a motor output. It is only when a motor link exists that the sensorimotor activity needs to be monitored so that the output can be modified by higher order connections or the activity in the sensorimotor link itself (not the input component alone) stored in memory for future reference. The anatomical evidence about branching patterns of functional inputs to first and higher order thalamocortical relays suggests that the thalamus can be regarded as providing information to cortex about sensorimotor links in the first place, and as pathways relating to memory storage and perceptual processing only secondarily.
In so far as cortical cells represent anything, they represent sensorimotor links established at subcortical levels, and for cortical cells the sensory part of the link cannot be separated from the motor part. For any interpretation of cortical activity we have to look at the relationships that exist between stimuli delivered to sense organs and the reactions of the organism to those stimuli. Our cortical cells, by the very nature of their connections, are unable to separate sensory stimuli and what, if anything they represent in the 'real world', from our motor reactions and whatever those are telling us about our 'volitions'.
